The water absorption capacity of superabsorbent polymers (SAPs) is important for agricultural drought resistance. However, herbicides may leach into the soil and affect water absorption by damaging the SAP three-dimensional membrane structures. We used 100-mesh sieves, electron microscopy, and fractal theory to study swelling and water absorption in SAPs in the presence of three common herbicides (atrazine, alachlor, and tribenuron-methyl) at concentrations of 0.5, 1.0, and 2.0 mg/L. In the sieve experiments it was found that 2.0 mg/L atrazine reduces the capacity by 9.64-23.3% at different swelling points; no significant diminution was observed for the other herbicides or for lower atrazine concentrations. We found that the hydrogel membrane pore distributions have fractal characteristics in both deionized water and atrazine solution. The 2.0 mg/L atrazine destroyed the water-retaining polymer membrane pores and reduced the water-absorbing mass by modifying its three-dimensional membrane structure. A linear correlation was observed between the fractal analysis and the water-absorbing mass. Multifractal analysis characterized the membrane pore distribution by using the range of singularity indexes Δ (relative distinguishing range of 16.54-23.44%), which is superior to single-fractal analysis that uses the fractal dimension D (relative distinguishing range of 2.5-4.0%).
Introduction
Superabsorbent polymer (SAP) hydrogels are three-dimensional, crosslinked, linear, or branched polymers with a considerable number of hydrophilic groups that can absorb water, saline solutions, or physiological fluids in amounts as high as 10-1000 times their own weight [1, 2] . SAPs are ideal for use in water absorption applications in agriculture, forestry, construction, sanitation, biology, and medicine [3] [4] [5] [6] . Their rapid and reversible water absorbency and biocompatibility enable usage in arid and semiarid environments for holding rain and irrigation water for plants in sandy or loamy soils that perform poorly in drought conditions [7, 8] . They also improve plant growth [9] . Agricultural polymers are usually applied at the root zone, and the retained water is not released from the network structure under normal physical pressure. However, when the soil is dry, the water is slowly released by root pressure, ensuring normal growth.
Large quantities of herbicides are introduced into farmland ecosystems every year; the global herbicide market accounted for half of the total pesticide market in 2010 [10] .
Herbicides that migrate deep into the soil because of irrigation water and rainfall [11] may affect the water-absorbing capacity of SAPs by damaging their hydrogel membrane structure and micromorphology. Previous studies indicate that nutrient ions may reduce the absorbency of SAPs, and highly charged ions may modify SAP structures to the point of losing water-retaining capacity [12, 13] . Despite the concerns, there have been few reports concerning herbicide effects on the water-absorbing capacity, and the mechanisms are not clear.
After water absorption and swelling of the SAP, the threedimensional hydrogel network is wrapped in a membrane structure to hold the water. The water is retained because of osmotic pressure and molecular forces. During swelling, the three-dimensional network unfolds continuously until it reaches equilibrium and stops absorbing water [14] . When the membrane structure is destroyed, the water stored in the internal network will be released, the SAP absorbency will be reduced, and the hydrogel will have a complex distribution of membrane pores. Therefore, to reveal the water-absorbing mechanism, studies on the hydrogel membrane pore distributions of SAPs after absorption and swelling are very important [15] . However, the membrane pores are distributed randomly and have complicated shapes, making it difficult to correctly reveal the geometrical characteristics.
Fractal theory describes complex, natural, and nonlinear phenomena [16] and is used for shape structure characterization in non-Euclidean geometrical systems with complex structures and chaotic phenomena. Previous studies [15, 17, 18] show that, after water absorption and swelling in SAPs, the distribution of hydrogel membrane pores has fractal characteristics that can be described quantitatively. Here, fractal theory is used to characterize the micromorphology characteristics of the hydrogel and the mechanism of herbicide-induced deterioration of the SAP water-absorbing capacity. An agricultural SAP and three common herbicides are studied in 100-mesh sieve experiments, and images of the hydrogel membrane pore distribution are obtained with an environmental scanning electronic microscope (ESEM). The results provide a better understanding of the water absorption mechanisms of SAPs and enable future enhancements.
Materials and Methods

Experimental Materials.
SAPs produced by HuaYe New Material Co., Ltd. (Shandong Province, China) were organicinorganic composites of attapulgite clay in polyacrylamideacrylic crosslinked polymers. They were faint yellow, 1.0-2.0 mm solid particles, with a moisture content ≤8%, a deionized water uptake of 100-700 g/g, and a 0.9% NaCl uptake ≥32 g/g. Its constitutional formula is shown in Figure 1 (a) and the surface micromorphology of dry glue is shown in Figure 1(b) .
Herbicides produced by American Standard Co., Ltd. (New Haven, CT, USA) were atrazine (C 8 H 14 ClN 5 , 100% purity), alachlor (C 14 H 20 ClNO 2 , 99.4% purity), and tribenuron-methyl (C 15 H 17 N 5 O 6 S, 99.5% purity).
Experimental Methods
Swelling Curves and Water Absorption Characteristics.
The water absorption characteristics of SAPs were tested by 100-mesh filtering. Solutions (0.5, 1, and 2 mg/L) of atrazine, alachlor, and tribenuron-methyl were prepared, and deionized water (0 mg/L) was used as a control. There were three replicas for each treatment. SAP (0.30 g) was added into 0.5 L solutions for swelling and filtering at time intervals of 2, 4, 6, 8, 10, 15, 20, 25, 30 , and 40 min (every 10 min afterward) until equilibrium was established as determined by pretests. The mass of the SAP hydrogels was determined at the elapsed times to obtain the amount of water absorption.
Scanning Internal Micromorphology. A FEI Quanta 200
ESEM was used to characterize the SAP structures. A cutting blade was used to obtain the middle portion of the SAP hydrogels after the water absorption tests were performed. They were imaged in low-vacuum conditions (130 Pa) and with an acceleration voltage of 20 kV. Each 1024 × 678-pixel image was stored as eight-bit grayscale files.
Analysis Methods
Fractal Dimension of Surface Topography.
The fractal dimension is a characteristic parameter that quantitatively describes the complex degree [12] . Slit island analysis [16] was used to calculate the fractal dimensions of the crosssectional internal pore structure of SAP hydrogels, which can be formulated as
where denotes the pore perimeter ( m); A denotes the pore area ( m 2 ); and denotes the fractal dimension = / 0 , where is the absolute measurement scale, 0 is the initial perimeter of the image with constant scale of , and ( ) is a constant and is only a function of the selected scale and not the image size. The logarithm for both sides of (1) is log ( ) = log ( ) + 2 log ( ) . A multifractal singularity spectrum is the main parameter to quantitatively describe the nonuniformity, which can be expressed by ∼ ( ) and ∼ ( ). The relationship between ∼ ( ) and ∼ ( ) is obtained by the Legendre transform. The probability for the th grid can be calculated from
where is a set of different grids with square cells that is superimposed on the whole field studied, ( )is the measurement of i, and is the total measurement of the fractal set.
For multifractal distributed measurements, the partition function ( ) = ∑
( ) =1
( ) scales with the cell size as
where ( ) is the mass exponent of the order q and can be estimated from the slope of best-fit line. The generalized fractal dimension ( ) of uniformly distributed soil pores can be defined as
From the Legendre transform, we obtain
where = 0, 1, 2 and ( ) corresponds to the fractal capacity dimension, the information dimension, and the correlation dimension, respectively [18] . The range of ( ) increases with the slope ∼ ( ) and indicates that the distribution ranges of different singularity strengths of fractal structures are wider, and the nonuniformity and complexity of the measured physical quantity are increased. From the above, it can be found that ∼ ( ) and ∼ ( ) are equivalent for describing multiple fractals, and the subset of different exponents can be discerned by changing the iterative order . The span of singularity indexes Δ = max − min of multiple fractal singularity spectra can be used to characterize the degree of nonuniformity of SAP hydrogel pores distributions [19] .
The calculations have the following steps.
(1) Select a grid size and then measure and calculate the probability for each grid. (2) Choose a different and calculate the partition function ( ). (3) Change the grid size and repeat the above process to calculate a series of ( ). (4) Trace the graph of ln( ( )) ∼ ln( ). (5) For each q, calculate ( ) by straight line fitting of ( ) ∼ . (6) Trace the graph of ( ) ∼ and calculate . (7) Calculate ( ) and ( ) with Legendre transforms and obtain the final multifractal spectrum ∼ ( ).
Data
Analysis. SPSS software (15.0, one-way analysis of variance) was used for correlation and significant structure analysis. Figure 2 plots the dynamic change of hydrogel weight after water absorption by SAPs in deionized water and in three different herbicide solutions. The "parabolic" shapes of the plots indicate that the absorbency is constantly changing and that the rate gradually reduces to a swelling equilibrium point (150 min) where absorption stops. From the significance tests in Table 1 , there is no appreciable reduction of the waterabsorbing mass for the SAPs ( > 0.05) for the three solutions of alachlor and tribenuron-methyl and for two of the atrazine solutions (0.5, 1 mg/L) at the equilibrium point. Only for the 2 mg/L atrazine solution is the water-absorbing mass of the SAP significantly reduced ( < 0.05). Therefore, we examined the effect of the 2 mg/L atrazine on the SAP. In Figure 2 , we can see that, for the 2 mg/L atrazine solution at 10, 40, 70, 100, and 150 min, the waterabsorbing mass is reduced by 17.8%, 23.3%, 15.5%, 10.4%, and 9.64%, respectively. Thus the effect of atrazine is greater during the initial phase of absorption, that is, during the first 10-40 min. The effect is reduced with continued absorption and swelling (Table 2) . Figures 3(a)-3 (e) are images of the SAP hydrogel surface micromorphology after 10, 40, 70, 100, and 150 min of swelling in deionized water, respectively. We can see that, with the SAP water absorption and swelling, the overlapping surface is a hydrogel with water stored in its three-dimensional, crosslinked membrane structure. At longer absorption times, the membrane structure is more pronounced. When the swelling membrane pore structure increases uniformly, the SAP can hold more water. In Figures  4(a)-4(e) , the same development of hydrogel micromorphology is observed in 2 mg/L atrazine. However, in the atrazine, the SAP membrane pores are not uniformly enlarged with the swelling. Large pores develop after 40 min and increase steadily with swelling. Compared with the hierarchical, threedimensional, crosslinked membrane structure (Figure 3(e) ) in deionized water at the swelling equilibrium, there are damaging large pores in the hydrogel (Figure 4 (e)) in the 2 mg/L atrazine solution. Table 3 lists the single fractal characteristic parameters (or single fractal dimension) D and the correlation coefficients 2 from the correlative analysis of log ( ) ∼ log ( ) on the SAP hydrogel membrane pore distributions in deionized water and in the 2 mg/L atrazine solution at different swelling points. A significant correlation ( < 0.01) is observed, which indicates that it is valid to use fractal theory in the analysis of hydrogel micromorphology. In addition, we can see that, for both the deionized water and atrazine solutions, D increases gradually with SAP absorption and swelling. At various swelling points, the atrazine solution reduces relative to that in deionized water. In Figure 5 , there is a linear correlation ( < 0.05) between and the SAP water-absorbing mass, which indicates that can reflect the change in water-absorbing mass.
Results and Analysis
Swelling and Absorbency of Superabsorbent Polymers.
Micromorphology Characteristics of Hydrogel after Water and Atrazine Absorption.
Single Fractal Feature of Surface Micromorphology of Superabsorbent Polymers.
The water held by SAPs is mainly stored in the crosslinked membrane pore structure. The membrane structure and its pore have a direct effect on the water-absorbing capacity. Small values of the index indicate less complexity in the membrane pore distribution and less water-absorbing mass. However, we find that the use of to quantitatively characterize the micromorphology and the SAP water-absorbing capacity is limited. Comparing the different atrazine concentrations at the same state of swelling, we see that the relative discrimination is only 2.5-4.0%, while for the same atrazine concentrations at different swelling times, the accumulated relative discrimination is 7.0-8.5%. All of them indicate that the membrane pore distribution characteristics of the hydrogels, as analyzed by single fractal theory, are close and need a more sensitive characteristic index. Table 4 lists the general multifractal dimensions Dq and the correlation coefficients 2 for the correlative analysis of ln( ( )) ∼ ln(( )) for hydrogel membrane pore distributions in deionized water and the 2 mg/L atrazine solutions at different swelling points. A significant correlation ( < 0.05) is observed and indicates that multifractal theory is also valid in the analysis on hydrogel micromorphology. Table 5 lists the multifractal characteristic parameters (the singularity index span) Δa for the hydrogel membrane pore distributions in deionized water and atrazine solutions at different swelling points. The linear correlation ( < 0.05) indicates that Δa more clearly reflects (relative to D) the change in SAP water-absorbing mass ( Figure 6 ). For different atrazine concentrations at the same swellings, the relative discrimination is 16.54-23.44%, while for the same atrazine concentrations at different swellings, the accumulated relative discrimination is 25.02-33.04%. Both are higher than those obtained from the index (above).
Multifractal Characteristics of Surface Micromorphology of Superabsorbent Polymer.
Discussion
The key factors for the absorbency and swelling characteristics of SAPs are the additive compounds. Liang et al. [20] examined the effect of wheat straw in SAPs and found that the highest water absorbency was obtained with 20% wheat straw in the feed. Wang et al. [21, 22] reported that the SAPs containing 15 wt% sodium humate had the highest water absorbency with natural guar gum, partially neutralized acrylic acid, and sodium humate as the raw materials; moreover, the absorbency was improved further by adding cation-exchanged vermiculite. Here, the SAP was produced by adding attapulgite clay to the polyacrylamideacrylic crosslinked polymer. The absorbency in deionized water is 224 g/g, which is less than that of SAPs using attapulgite clay as reported by Liu et al. [23] . That is because the SAP here is an agricultural water absorbent that requires a stable crosslinked structure to enhance reversible absorbency, Journal of Nanomaterials Correlation is significant at the 0.01 level " * * " (two-tailed).
Relative discrimination = ( 2 − 0 )/ 0 ; accumulated relative discrimination = ∑( +1 − )/ .
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Journal of Nanomaterials Correlation is significant at the 0.01 level " * * " and 0.05 level " * " (two-tailed). rather than attapulgite clay. The absorbency of SAPs is influenced by many other factors, such as particle size, temperature, soil texture [24, 25] , and other soil conditions. Electrolytes in soils can have appreciable impact on SAP absorbency, depending on ion type and concentration [26, 27] . Because SAPs have hydrophilic groups, they may have a stronger interaction with polar molecules and thus make the absorbency more sensitive. Here, the 2 mg/L atrazine solution significantly reduces the water-absorbing mass of the SAP. ESEM imaging reveals that, relative to those structures in deionized water, damaged membrane structures are observed in 2 mg/L atrazine solution. These are caused by hydrogen bonding and Van der Waals interactions among the atrazine and the hydroxyl and carboxyl groups of the SAP [28] . These interactions induce large-scale damage to the membrane, resulting in reduced water-absorbing mass.
In the fractal analysis, Δa becomes larger with SAP water absorption and swelling. At various swelling points in 2 mg/L atrazine, all Δa indices for the hydrogel microtopography are smaller relative to deionized water. This correlates with the index observations and with the change in water-absorbing mass. In contrast to the 2.5-4.0% relative discrimination for the index, that of Δa is 16.54%-23.44%. Thus fractal analysis over multiple scales is more sensitive than that in a single scale. In addition, multifractal analysis can reveal specific structures and characteristics induced by different local conditions or levels. It will reveal overall features from part of the system, which is more accurate than a single fractal describing complex morphology [19, 29, 30] . Moreover, no other quantification methods are effective in evaluating the hydrogel membrane pore distribution. The fractal analysis supports the notion that the membrane pore three-dimensional structure unfolds continuously during water absorption and swelling [14] . Both the and Δa indices in the 2 mg/L atrazine solution are less than those in deionized water, which confirms the notion that the forces between the atrazine and the hydroxyls and carboxyls in the SAP reduce the complexity of the membrane structure [28] . All of these conclusions are strongly supported by the SAP water-absorbing mass data. We can conclude that the combination of image analysis and fractal theory can be used to quantitatively evaluate the water-absorbing capacity of SAPs and could be applied to other areas in environmental and materials science. Fractal theory could also be used for evaluating nonlinear processes, such as soil pore distributions for soil permeability and complex crystal structures. Finally, it could be used to design structures for materials fabrication that would have unique features.
Conclusions
(1) Alachlor and tribenuron-methyl herbicides at concentrations of 0.5, 1, and 2 mg/L have no observable effects on the water-absorbing capacity of SAPs. Similarly, 0.5 and 1.0 mg/L solutions of atrazine have no effect. Only at 2 mg/L atrazine concentration will the SAP water-absorbing mass be significantly reduced.
The effect gradually weakens with swelling of the SAP, and the relative reduction is 9.64%-23.3%. (2) The micromorphology of the hydrogel is changed to a hierarchical, three-dimensional, crosslinked membrane structure following SAP swelling in deionized water. The membrane pores grow uniformly with water absorption and swelling. However, in the 2.0 mg/L atrazine solution, larger pores are observed during swelling tales and the membrane structure is destroyed at the swelling equilibrium point. (3) Fractal analysis reveals clear differences in the hydrogel membrane pore distributions formed during water absorption and swelling in deionized water versus 2.0 mg/L atrazine. The single fractal dimension index gradually increases less with swelling in atrazine solution relative to that in deionized water. Along with the micromorphology characteristics of the hydrogel, the 2.0 mg/L atrazine solution may destroy the membrane structure that retains the water. This reduces both the complexity of the threedimensional membrane structure and the waterabsorbing mass of the SAP. (4) Compared with single fractal analysis, multifractal analysis enables a more detailed characterization of the hydrogel membrane pore distribution and improves the ability to distinguish effects of the atrazine on the SAP water-absorbing mass from 2.5-4.0% to 16.54-23.44%. Furthermore, both the and Δa indices exhibit a significant linear correlation with the water-absorbing mass.
